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1. Introduction 

The presence of wide content of invisible matter in and around spiral galaxies, distributed dif- 
ferently from stars and gas, is well fixed from optical and 21 cm rotation curves (RCs) which do not 
show the expected Keplerian fall-off at large radii but remain increasing, flat or only slightly de- 
creasing over their entire observed range [|], ^. The extra mass component becomes progressively 
more abundant at outer radii and in the less luminous galaxies [||]. 

The circular velocity V{r) of spiral galaxies, is the equilibrium velocity due to their mass 
distribution. The gravitational potentials of the spiral's mass components and namely those of a 
spherical stellar bulge, a dark matter (DM) halo, a stellar disk and a gaseous disc (ptot = <Pb + <j>DM + 
<P* + <pHi lead to: 



(1.1) 



with the Poisson equation relating the surface/spatial densities to the corresponding gravitational 
potentials. The surface stellar density is assumed proportional to the luminosity surface 

density pi], so that: 



(1.2) 



where Mo is the disk mass and Ru is the scale length, LHi{r) is directly derived by HI flux obser- 
vations. From the above it follows: 



GMd 



(1.3) 



2Rd V2. 

where x = r/Ro, G is the gravitational constant B = IqKq — IiKi, a combination of Bessel functions 
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Figure 1: The Radial TuUy-Fisher. The relations at different radii are indicated with different colours. 
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The rotation curve of a spiral is a fair measure of its gravitational potential. In fact: 

• in their very inner regions the light well traces the gravitating mass and 

• there exists, at any galactocentric radii measured in units of disk length-scale /?„ = {n/5)Ropt, 
a radial Tully-Fisher relation linking, with very low scatter, the local rotation velocity 
Vn = Vrot{Rn) and the total galaxy magnitude M (see Fig. |T]). 

M = a„logVn+bn, (1.4) 

(an, bn are the slope and zero-point of the relations) . 

In Fig. 2 of 1^ it is shown, for a large sample of galaxies, V, the logarithmic slope of the 
circular velocity at R^pt as a function of Vopt and Mb- One finds: — 0.2<V< 1: at this radius, the 
RCs slopes take almost all the values allowed by Newtonian gravity, from -0.5 (Keplerian regime) 
to 1 (solid body regime); furthermore, V strongly correlates with galaxy luminosity and Vopt 
On the other hand, spirals show an inner baryon dominance region whose size ranges between 1 and 
3 disk exponential length-scales according to the galaxy luminosity (see Fig(8) of [Q] and ^ ^). 
Inside this region, the ordinary baryonic matter fully accounts for the rotation curve; outside it, 
instead, it cannot justify the observed profile and amplitude. 




Figure 2: The Universal rotation curve of spiral galaxies. 

This riddle is solved by adding an extra mass component, a dark matter (DM) halo, whose 
existence and properties ai^e assessed by the RCs and whose phenomenology is evident in the 
11 coadded rotation curves Vcoadd{r/Ropt,Mj) obtained by binning 1000 RCs of late type spi- 
rals extended out to Rapt = 3Rd- These synthetic RCs correspond to spirals of luminosities span- 
ning their whole /-band range: —16.3 < M/ < —23.4. This led to the Universal Rotation Curve 
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Figure 3: po^'o as a function of galaxy magnitude and Hubble type. Data: [|10p sample of spiral galaxy 
data (open red circles); URC relation (solid blue line) [11 1; dwarf irreg ulars N 3741 [|l2[ and DDO 47 ; 
[ p3| | (green full circles); ellipticals investigated by weak lensing [ p^ (black squares); Milky Way dSphs 
(pink triangles); spirals in THINGS sample (blue triangles); [[T4|]; early-type spirals (red triangles); [p3|]. 
Long-dashed line shows the JT^ ] result. 



(URC) paradigm: there exists a function of radius and luminosity that well fit the RC of any spiral 



galaxy (see [ ]17| ] and references therein). Additional kinematics data, including very extended in- 
dividual RCs and virial velocities Vy/r = (GMv„-//?v(v)'^^ obtained in [11], further support the URC 



paradigm and accurately determine the Universal velocity function out to the virial radius[[17|] 
^URCH becomes the observational counterpart of the rotation curves of spi 



Then, V^^^ 



^URCD 



rals emerging out of cosmological simulations (e.g. [|18[]). 

To model the URC (and any individual RC) we assume the Burkert profile for the DM halo 



[19] : 



(1.5) 



Po and ro and (see above) aix, respectively, the DM central density, its core radius and the 
galaxy disk mass: these 3 free structural parameters get determined by fitting the rotation curves. 
Remarkably, for all available kinematics of thousands spirals, the above mass model fits data in 
excellent way [p^]. 

At any radii, objects with lower luminosity have larger dark-to-stellar mass ratio and denser 
DM halos, with their central values spanning two order of magnitudes over the whole mass se- 
quence of spirals. 

Furthermore, a number of scaling laws among the structural mass parameters po, Md, Mytr, 



ro emerges (see Fig.^ taken from [17]). Among these, we must draw attention on the quantity 
Mod = PofQ, proportional to the halo central surface density, that it has been found independent of 
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log Mo [Mo] log M.,, [Mo] 

Figure 4: Scaling relations between the structural parameters of spirals. 



the galaxy magnitude and Hubble Type 



lo£ 



IM)D 



Mopc- 



2.2 ±0.25 



(1.6) 



This relationship pioneered in [J20|], is further supported by [ |10| ] and [|21[]. 

The relationships between global galaxy quantities are also important. First, the halo mass is 
the fundamental physical quantity characterizing a spiral galaxy. Its halo mass lies in the range 
3 X < M/, < 3 X IO^^Mq. Halos of very low mass < x lO^^M©, hosting disk systems, are 

not detected. Halos of very large mass > 3 x lO^^Mr^, host groups of galaxies rather than a single 
object. 



[22] by means of abundance matching method derived relations between virial halo masses 
(Mh) and galaxy properties, including r*-band luminosities (L^) and stellar component masses 

(Mstar) ■ 



3 X 10" Mf^ 



1.3 X 10"' L,. 



0.35 



+ 



1.3x lOiOL,^ 



1.65 



(1.7) 



These relationships, i.e. eq (1.7) and eqs. (12)-(14) of ||22|]), are well represented by double 
power laws, with a break at Mh^break ~ 3 x 10' ^M©, corresponding to a mass in stars Mstar ~ 1-2 x 
lO'^M© and to an r*-band luminosity L,- ^ 5 ^ lO^L©. 



In 1 23] the relationship in late-type galaxies between the neutral hydrogen (HI) disk mass 
and the stellar disk mass has been derived by abundance matching the stellar disk mass function 
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from the Sloan Digital Sky Survey and the HI mass function from the HI Parkes All Sky Survey 
(HIPASS). As result, the HI mass in late-type galaxies tightly coiTelates with the stellar mass over 
three orders of magnitude in stellar disk mass (see eq.(5) in [23]). 

Remarkably, the baryonic fraction in a spiral is much smaller than the cosmological value 
Q.h/0.matter — ^nd it ranges between 7 x lO^'' to 5 x 10^^, (see Fig. 3 in [23]). On the other 
hand the mass transfonned in stai^s is a strong function of the halo mass suggesting that processes 
such as Supemovae (SN) explosions must have heated up a very large fraction of the original 
hydrogen. 

The above discussed relations bear the imprint of the processes ruling galaxy formation, and 
highlight the inefficiency of galaxies both in forming stars below a typical mass Mi, hi-eak marking 
the maximum efficiency of the star forming process. 

In spirals there is fundamental evidence that dark and luminous matter are well linked together, 
would this be the imprint of the nature of the DM itself? 



2. The DIM core-cusp issue 



The cuspiness of the DM halos density profiles plays a central role in Cosmology. In fact, 
a cuspy density profile is predicted by (the simplest version of) the currently favored Cold Dark 
Matter (CDM) scenario, in detail, from the outcome of high-resolution numerical simulations of 



the structure formation [ ]18| , |24| ]. Surprisingly, however, such a cusp it is not seen in real kinemat- 
ical data (e.g. [ [I3| , 25, 26, 27, 12]), that, in addition, show unexplained systematics in the DM 
distribution (see [|l6|]). 

Let us recall that in ACDM the halo spatial density is found universal and well reproduced by 



one-parameter radial profile [18] 



PNFwir) 



Ps 



(r/r,)(l+r/r. 



,2 ' 



(2.1) 



where r, is a characteristic inner radius, and Ps the corresponding density. The virial radius 
and halo mass My,-,- the mean universal density p„ are related by: M,.„- ~ 100p„/?^,y. Numerical simu- 

/ N-0.13 

lations show also that r^. and p^ are related within a reasonable scatter: Ryir/fs — 9.7 f ^Qd'^ j 

Since they were found in numerical simulations, the cuspy NFW density profiles disagreed 

% |30|]. However, strong 



with the actual profiles of dark matter halo around spirals and LSB [g8 



concerns were raised that this early evidence was biased by observational systematics. The claim 
that the observed apparent cores rather signaled an hidden cusp was frequently put forward. The so- 
lution of this riddle, that lies in the very nature of Dark Matter, was found by properly investigating 
a number of suitable test-cases. That is, by careful modeling 2D, high quality, extended, regular; 
free from deviations from axial symmetry rotation curves that were trustable up to their second 



spatial derivatives. [31, 27]. In addition, a step foi^ward has come from adopting, for the Dark 



matter halo, the Burkert profile (see eq. (1.5)); this profile is cored at small radii, but it converges 
to the NFW profile for r > 0.3/?v,v- As result of this, the RCs data themselves, by determining in an 
unbiased way the value of ro, are able to define the actual level of the DM halo cuspiness in Spirals. 
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About a decade of investigations can be summarized as it follows: in all examined cases, NFW 
halo predictions and observations ai^e in plain disagreement on several aspects: the disk + NFW 
halo mass model 

• fits the RCs poorly and 

• implies an implausibly low stellar mass-to-light ratio and in some case 

• an unphysical high halo mass 
(see e.g. 
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Figure 5: Left: Dark halo density in ESO 116-G12: observations (left) vs. CDM predictions (right) 
Right: DDO 47 RC best-fits: URC model (solid line) compared with NFW halo + stellar disk (dashed line) 
[111 

It is worth illustrating a couple of example of this disagreement: the galaxy ESO 116-G12, 
see Fig 5 (left) and the nearby spiral dwarf galaxy DDO 47 see Fig 5 (right). For the latter, the RC 
mass modeling finds that the dark halo density has a core about 7 kpc wide and a central density 
Po = 1.4 X 10^^^ g cm^^: this density profile is much shallower than that predicted by a NFW 
profile that results totally unable to fit the RC. 

Presently, there are about 100 spirals whose RCs cannot be reproduced by a NFW halo -i- a 
stellar disk for any value of the model parameters. Furthermore, direct investigation has ruled out 



that an apparent core may arise from neglecting certain kinematical effects [ 13] 



A complementary evidence comes from [34| who derived, in a model independent way, the 
logarithmic gradient of the halo circular velocity V/,(r) = at Ropt in 140 spirals of differ- 

ent luminosity (see Fig. ^); their values ~ 1 turned out to independent of galaxy magnitude and 
inconsistent with NFW halo predictions. For a large sample of LSB a similar result was obtained 
by [||], see Fig. |). 

Finally, accurate mass modeling of the external regions of 37 spirals with high quality RCs 
led to the discovery of further disagreement between data and NFW predictions [^]. The DM 
halos around spirals have, in the inner regions, densities up to one order of magnitude lower than 
the ACDM predictions. At about 2.5Ropt instead, they have densities higher by a factor 2-4 than 
the corresponding NFW profile values (see Fig. ^. DM halos around spirals, at 5 kpc scale, ai^e 
significantly less dense than the predicted ACDM halos, but at 50 kpc scale, they are denser than 
the latter. The DM density core might be associated to outward mass transfer. 
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Figure 6: Left; DM halo velocity slope V as a function of y„p, p4(|, remind that; ^nfw < 0.3. Right; Inner 
slopes of LSB halo density profiles vs radii of the innermost data points . Also shown; pseudo-isothermal 
halo models with core radii of 0.5, 1, 2 kpc (dotted lines) and the NFW profiles (full line) 




-23 



DDO 47 



Q, -24 - 



O 




-23 



-24 



ESO 287-G13 



O 



-25 - 




0.2 0.4 0.6 0.8 1 1.2 1.4 
r/r 



Figure 7: DM halo density of DDO 47 and ESO 287-G13. Solid Unes; best fits for the NFW density profiles 
that, for 0.7 < r/rs < 1.3 result smaller than the URC values (circles). 
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3. Conclusions and Remarks 

Considering a large sample of spiral galaxies we found that an Universal Rotation Curve 
Model, that includes a cored DM halo, provides a very satisfactory fit to their Rotation Curves. 
Cusped halo profiles, a crucial feature of standard ACDM scenario, are inconsistent with available 
kinematical data. Non standard features in such a scenario might be able to reproduce the above 
discussed intriguing observations, however, this topic deserves a discussion that is well beyond the 
goals of the present review. 



The success of the simple Universal Rotation Curve model [ ]17[ ] in accounting for the avail- 
able kinematics is something notable. From a purely empirical point of view, the distribution of 
luminous and dark matter in galaxies shows amazing properties and a remarkable systematics that 
are bound to play a decisive role in discovering the nature of "Dark Matter Phenomenon" and in 
building a successful theory of Galaxy Formation. 

A complete review on the topics dealt in this paper can be found at: arxiv.org/abs/1102.1184 
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